INTRODUCTION
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Additionally, the IPCC Fourth Assessment Re port indicates the likelihood of changes in the frequency and intensity of extreme events. There is evidence that various extreme events are very likely to change in magnitude and/or frequency and location with global warming ) and significant trends have been observed in recent decades (Trenberth et al. 2007) . A large number of studies are currently focusing on climate extremes and their societal, ecological and economic effects. Hence, improvements in the accuracy of climate models are crucial for climate changerelated research. The cause and nature of climate variability at different spatial and temporal scales is vital for our understanding of the extremes (Trenberth et al. 2007 ) in which a climate signal is embedded. The importance of climate models for projecting climate change (including climate variability and extremes) and forecasting potential damage places an obligation on the modelling community to put great effort into analysing extreme events in coupled models (Kharin & Zwiers 2000 , Kosto poulou et al. 2009 ). Randall et al. (2007) argued that recent climate models demonstrate increasing skill in simulating important aspects of present climate, and/or investigating smaller-scale features, such as changes in extreme weather events. However, confidence in results as projected by global models decreases at smaller scales. Consequently, regional climate models (RCMs) have been specifically developed for the study of regional-and local-scale climate change (Randall et al. 2007) . Within the framework of the EU-funded ENSEMBLES project (Hewitt 2004 , van der Linden & Mitchell 2009 ) several high resolution RCMs have been developed at a high horizontal resolution (25 km) under the IPCC SRES A1B scenario (Nakicenovic et al. 2000) of future climate change. Moreover, a new high resolution (25 km) ENSEM-BLES gridded dataset of daily observations (E-OBS) in Europe has been generated based on high quality station data series (Haylock et al. 2008) . The reliability of the E-OBS and ENSEMBLES models in the NE Mediterranean area is explored in the current study.
The purpose of the present study was (1) to test the reliability of the E-OBS dataset using local station data, and (2) to use this high resolution gridded observational dataset as a reference to evaluate several ENSEMBLES transient RCM simulations. The evaluation initially compared station data to the nearest E-OBS data at selected sites in the NE Mediterranean region; the same methods were subsequently ap plied to evaluate several RCM simulations. Hofstra et al. (2009) discussed the limitations of the E-OBS over the whole of Europe and associated the main sources of uncertainty with inhomogeneities in the original data, network density and the interpolation scheme. The present study used data from the maximum number of available stations in order to provide an insight into the strengths and weaknesses of the E-OBS dataset in a much more limited area. Specifically, the assessment compared E-OBS gridded data and indices of mean, maximum and minimum temperatures, and precipitation, against observed data from 54 meteorological stations distributed throughout the NE Mediterranean.
As the E-OBS is designed at the same resolution as the RCMs we considered it the best candidate to evaluate models at a high spatial resolution (Hofstra et al. 2010) . Therefore, the ultimate goal of this study was to evaluate 6 ENSEMBLES models through single-grid scale comparisons to the E-OBS data set and provide information on the performance of E-OBS and RCMs in the NE Medi terranean region.
DATA
The station observations constitute a collection of 54 daily resolution time series from south Italy, the Balkan Peninsula and western Turkey. The length of the records and the percent of missing data vary for each station. The stations chosen generally cover the period 1961 to 1990 (while some extend to 2000), including a small proportion (< 5%) of missing data, but providing the best available network of spatial coverage. The main sources for the station data used in this study were the national meteorological services of the countries in the study region; the remainder were derived from the European Climate Assessment and Dataset (ECA&D) archive , Klok & Klein Tank 2009 . The station datasets were subject to essential data quality control tests based on basic standards recommended by WMO (1986) . The assumption in many of the tests is that homogeneity is likely to be better for stations where basic quality control checks have been undertaken (Kos topoulou & Jones 2007 ). Fig. 1 shows the geographical locations of the stations utilised in this study.
The ENSEMBLES gridded observational datasets include gridded data for 4 variables: daily mean temperature (TM), daily minimum temperature (TN), daily maximum temperature (TX) and total daily precipitation (RR). They cover an area that extends from 25° to 75°N and from 40°W to 75°E (for further details, see Haylock et al. 2008) . It is assumed that most of the stations used in our analysis were also used in the construction of the E-OBS. Even so, discrepancies between stations and E-OBS areaaverage estimates are to be expected and need to be justified. The original E-OBS dataset was constructed using data from 2316 stations all over Europe, as described by Hofstra et al. (2009) . The same study evaluated the whole E-OBS dataset with respect to potential errors over the whole of Europe due to inhomogeneities of the gridded set, underlying station density and interpolation uncertainties. In this paper, one of our aims was to evaluate the E-OBS dataset in the much more limited area of the NE Medi terranean. Individual stations which might have been used for E-OBS construction (not specified in Haylock et al. 2008) were utilized to assess the performance of the corresponding E-OBS grid. Discrepancies can still exist between E-OBS and stations due to the different number of stations in each E-OBS grid box, the distribution of these stations, and the climate variability within the grid box, which can greatly vary over a distance of few kilo metres in such a topographically complex area of the NE Mediterranean. We chose to use all stations available with long datasets (30 to 40 yr of daily data) in the study area, which included rugged terrain, low-lying plains and coastal areas.
Six high-resolution RCMs (25 km spatial resolution) were used (Table 1): (1) C4IRCA3 (hereinafter referred to as 'C4I'): provided by the Community Climate Change Consortium for Ireland (C4I). This is based on the third version of the Rossby Centre regional Atmospheric Climate model (RCA3), driven by the HadCM3Q16 high-sensitivity simulation , Kjellström et al. 2005 . The model uses 206 × 206 horizontal grid points, and 31 vertical levels.
(2) CNRM-RM4.5 ('CNRM'): the ALA DIN-Climate model (with AR -PEGE boundaries), developed at Météo-France/CNRM (Centre National de Recherches Météo rolo giques) and described in Déqué & Somot (2007) and Radu et al. (2008) . This model uses 31 vertical levels and 128 × 120 (lat × lon) horizontal grids.
(3) KNMI-RACMO2 ('KNMI'): provided by the Royal Netherlands Meteorological Institute (Koninklijk Nederlands Meteorologisch Instituut, widely known as KNMI). The KNMI RCM RACMO2 (Lenderink et al. 2003 , van den Hurk et al. 2006 ) is forced with output from a transient run conducted with the ECHAM5 GCM. This model uses 40 vertical levels on a horizontal 95 × 85 (lat × lon) grid.
(4) METNOHIRHAM ('METNO'): developed in the Norwegian Meteorological Institute and based on Version 5 of the HIRHAM RCM (Christensen et al. 1996 , Haugen & Haakenstad 2006 driven by the Bergen Climate Model (BCM), a fully-coupled, global climate model that provides state-of-the-art computer simulations of the Earth's past, present, and future climate. This model uses 31 vertical levels and horizontal grid of 213 × 198 (lat × lon) grid points.
(5) METO-HC_HadRM3Q0 ('METO-HC'): produced in the UK Met Office and based on the HadCM3Q global climate model. The RCM is projected on a rotated pole projection, with regular latitude/longitude. The number of horizontal grid points is 214 × 220 (lat × lon) and the number vertical levels is 19 (Collins et al. 2006) .
(6) MPI-M-REMO ('MPI') (Jacob 2001 , Jacob et al. 2001 : developed in the Max Planck Institute for Meteorology (MPI-M), Hamburg, Germany. The parent GCM is the ECHAM5, and the RCM has been projected on a rotated spherical coordinate system. This model covers 109 × 121 grid points horizontally with 27 vertical levels in the atmosphere. For the purpose of station-scale evaluations, each station was associated with the nearest E-OBS or RCM grid-point and the model output to that station was extracted, resulting in station-grid pairs. The extraction of model data corresponding to each station was strictly based on selecting the nearest land grids in order to prevent discrepancies in coastal re gions (Kjellström et al. 2007 ).
COMPARISON OF STATION DATA WITH E-OBS

Raw data
Temperature and precipitation raw station data were compared with the E-OBS data extracted from the nearest grid-point. Box-and-whisker plots of the daily average differences between E-OBS and station data were constructed, to give a comprehensive de piction of the variable range and extreme values. We tried to incorporate the majority of available stations in this exercise, and hence we had to restrict the analysis to a common period for most stations with complete data coverage (i.e. data series with no missing data). In Fig. 2 , comparative box-and-whisker plots illustrate the range of temperature and precipitation dif ferences (E-OBS minus stations) for 43 of the studied sites. This subset of stations has complete time series records of temperature and precipitation over a common 30 yr period (1961−1990 Fig. 2 . Box-and-whisker plots displaying the range of the differences in daily temperature and precipitation data of the 2 datasets (E-OBS, station data) for the period . On the right the corresponding order of the stations along the horizontal axes is listed (see Table S1 in the Supplement, at www.intres.com.articles/suppl/c054p249_supp.pdf). Each box defines the interquartile range (25th to 75th percentile), which is a measure of the data dispersion in every station, while whiskers are located at the 10th and 90th percentiles Regarding TM, in most cases the first and the third quartile are tightly clustered around the median, which is distributed slightly below zero. Few large differences in the TM values are seen for individual stations, mainly located in the northern part of the Balkan Peninsula (namely Bjelasnica and Mostar in Bosnia-Herzegovina, Murska Sobota and Novo Mesto in Slovenia). Similar results with the median distributed around zero are obtained for TX with small deviations (< 2°C) appearing in most stations. It is however notable that negative deviations are mainly shown in the box-and-whisker plot, indicating a general tendency of the E-OBS to underestimate TX in most sites. This underestimation is pronounced in the northern stations of Mostar (Bosnia-Herzegovina, highly underestimated TX), Novo Mesto (Slovenia) and in stations of southern Greece (e.g. Kalamata) and Turkey (e.g. Antalya, Bursa and Mugla). On the contrary, E-OBS seems to overestimate TX in the station of Bjelasnica (BosniaHerzegovina). As far as the biases in TN are concerned, differences in the rate of 2°C between the examined E-OBS and the station dataset are also evident. Individual stations exhibit larger differences and these are: Bjelasnica, Mostar (both in BosniaHerzegovina), Murska Sobota (Slovenia) and Antalya (Turkey). On the contrary, the E-OBS overestimates the absolute TNs at stations which seemed to reveal better results for the 2 other temperature variables. These are all Romanian stations, namely: Arad, Baia Mare, Bucharest, Buzau, Calarasi, Drobeta, Tg Jiu. Large deviations in TN between station and modelled data for these sites have also been reported in earlier studies (Moberg & Jones 2004 , Kostopoulou et al. 2009 ). The precipitation differences within the interquartile range are small in all stations. The long length of the whiskers indicates large deviations associated with heavy precipitation. The E-OBS precipitation is better represented at the Greek stations, while stations in Bosnia-Herzegovina and Slovenia have larger rainfall differences (positive and negative) than other sites. These regions receive some of the highest amounts of rainfall in the western Balkans, often due to local orographic effects.
Additionally, scatter plots of the E-OBS against the station daily temperatures were produced to determine the degree of association between the 2 datasets. To minimize the noise, anomalies (with respect to 1961−1990 mean) were computed and used. In most cases, both shape and direction of the scatter clouds denoted high correlation between the series (scatter plots not shown). In general, very good agree ment between stations and E-OBS temperature anomalies is found over most of the study region with correlation coefficients > 0.9, but the agreement weakens in few sites such as Murska Sobota and Novo Mesto in Slovenia and Mugla in Turkey. These stations are located in regions of complex topography. For instance, Mugla is situated in the southwestern part of the Turkish coast. The area's physical features are determined by several high plains surrounded by mountains, Mugla being situated on the highest of these, at an altitude > 600 m. Station relocation is often a source of data inhomogeneity, which may be the case for the Murska Sobota meteorological station (Bergant & Kajfež-Bogataj 2005) . Overall, the gridded dataset agrees best with observational data in regions with good spatial coverage, while similarity decreases in areas where the gridded data depend on low data density. This finding is in agreement with Hofstra et al. (2009) , which shows that interpolation accuracy decreases as the network density decreases and degrades in areas of complex terrain.
Climate indices
In this section, we assess the skill of the E-OBS dataset to reproduce climate extremes. To meet this aim a set of 4 temperature and 4 precipitation indices were selected and calculated for each year and each season of the year by both datasets for the studied sites. The temperature indices chosen were the 90th percentile of TX (TXQ90), the 10th percentile of TN (TNQ10), number of frost days (TNFD) and heatwave duration index (TXHWD). For precipitation, the indices used were the 90th percentile of rainday amounts (PQ90), maximum number of consecutive dry days (CDD), the greatest 5 d total precipitation (PX5D) and the number of events with precipitation exceeding the long-term 90th percentile (PNL90). The indices used here are among those suggested by the European Project STARDEX (Statistical and Regional Dynamical downscaling of Extremes for European regions, www. cru.uea.ac.uk/ projects/ stardex). They have been employed in previous studies for a range of climatic regimes experienced across Europe (e.g. Kostopoulou & Jones 2005 , Haylock et al. 2006 , Tolika et al. 2008 , Kostopoulou et al. 2009 ) and are considered as moderate (with short return periods) climate extreme indicators, providing larger statistical confidence compared to indices focusing on more extreme events (Haylock & Goodess 2004) .
The differences between every pair of indices were calculated on an annual and seasonal time series basis and illustrated on graphs. This exercise pro-vides a basic diagnostic tool to detect changes over time, such as trends, outliers or abrupt changes. We show a representative selection of temporal evolution in these differences for 6 indices and 10 sites in Fig. S1 in the Supplement (available at www.int-res. com/articles/suppl/c054p249_supp.pdf). Particular emphasis is placed on analysing the seasonal extremes of temperature variables, and thus we further discuss TXQ90 for summer (Fig. S1a) , TNQ10 and TNFD for winter (Fig. S1b,c, respectively) . With regard to precipitation we discuss both annual and seasonal (winter and autumn) indices, but given the large number of graphs, and because of space limitations, we present annual PQ90 and PX5D (Fig. S1d,e ) and winter PNL90 (Fig. S1f) . The sites were chosen at various locations/altitudes to represent the variable climate features and contrasting topography of the area under study. In the graphs, the stations are presented by altitude (Fig. S1a) biases were relatively small, (~0.5°C) and do not show any trend over the entire time span. In a few cases this index is underestimated (negative differences) in stations such as Nis, Novo Mesto and Ioannina, reaching −3°C. Among the 10 stations discussed, these 3 are representative of the rugged mountainous landscape (altitude > 200 m) of the study region. This exercise was also performed for winter TNQ10 (Fig. S1b) . This parameter was found to be underestimated in a number of stations located close to sea level, such as Helliniko, Izmir and Istanbul. Altitude places important constraints on the reproduction of extreme low temperatures, as underestimation of winter TNQ10 was also detected in elevated sites, such as Nis and Ioannina. Moreover, particular stations (e.g. Novi Sad, Novo Mesto) reveal larger mean and variance. Overall, it should be noted that summer TXQ90 was better reproduced by E-OBS than winter TNQ10. The TNFD index (Fig. S1c) is important, as it can indicate changes in the climatological growing season, affecting ecosystems and human activities. The E-OBS dataset tended to overestimate winter TNFD in low-elevation regions (where winter TNFD is actually low), such as Thessaloniki, Izmir and Istanbul. Overall, it was difficult to obtain a robust interpretation for the change of this index because of the considerable variation in re sults among stations. Analysing results for 2 stations located in the western part of the Balkan Peninsula in altitudes higher than 200 m -namely Nis in Serbia and Novo Mesto in Slovenia -it was found that winter TNFD was overestimated in the first and under estimated in the second case.
E-OBS sufficiently reproduced annual PQ90 (Fig. S1d) , but some deviations were observed in stations which typically receive large amounts of rainfall (e.g. Ioannina, Tirana and Istanbul), with underestimations reaching a mean of ~10 mm yr −1 . For instance, Ioannina is located in the mountainous, western part of Greece which receives the highest precipitation amounts across the country. The seasonal scores of the index exhibited larger biases especially in autumn (not shown). Deviations as large as 10 mm were evident at several stations, for example in Tirana, Ioannina, Novo Mesto and Izmir. In contrast, the seasonal PX5D indices (not shown) were better simulated by E-OBS compared to the annual data, with the latter being largely varied and underestimated in most cases (Fig. S1e) . Substantial biases became evident at stations located along the large mountain ranges in the western Balkan Peninsula, as the number of rainy days and rainfall intensity increases in stations on the windward side of the mountains (e.g. Tirana, Ioannina; Kostopoulou & Jones 2007 ). Finally, winter PNL90 biases (Fig. S1f) were mostly in the range of -3 to + 3 events, although several exceptions may be noted.
Spatial patterns of climate indices
To provide a general summary of the comparison between the reference (station) and the evaluated (E-OBS) datasets, their average differences and correlations were calculated and spatially portrayed on maps. Fig. 3 reveals a large proportion of negative bias in the distribution of differences for TXQ90 and TNQ10 in the study region. In particular, E-OBS underestimate extreme TX/TNs by up to 3°C in the western half of the region along the territory of Albania, FYROM and Serbia. The underestimation is spatially larger for winter TNQ10, as it extends over most of the northeastern Balkans.
Consistent with the findings for TNQ10, the pattern corresponding to TNFD is the opposite of that for TNQ10. It seems that the TN values derived from the E-OBS dataset are lower than the observed ones (in negative data-values), and consequently the TNFD index derived from the E-OBS estimates a higher TNFD (positive biases) than the station data. In general, the index is overestimated in most of the region, except for the north-western part, which reveals an underestimation in the TNFD. Overall, the TNFD pattern shows positive biases, which become larger in stations located in continental areas of the central Balkan region. In contrast, a few bands of underestimated index values are seen in the east-central Balkans and central Greece. The panel for TXHWD (Fig. 3b ) presents negative differences north of 43°N, as well as in central Greece and the south-east part of the map, and small positive biases in the remaining part of the region. The ΤΧHWD is defined as a maximum period (> 5 suc cessive days), with TX > 5°C over a base period norm maximum (Frich et al. 2002) . In general this index reveals small biases, partially because a large number of index estimates is zero. It is thus evident that the 5°C threshold may be high for regions with low variability (Kiktev et al. 2003) in daily summer TX.
The correlation patterns (Fig. 4) for the temperature indices of the 2 pairs of data reveal high correlations in the mainland of the study domain. High correlation coefficients are seen for TXQ90 (approx. r = 0.9) and TNQ10 (approx. r = 0.85) to a large extent in the central Balkan Peninsula. Regarding TNFD, the correlation coefficient ranges between 0.7 and 0.9 over the study region. The TXHWD seems to be better re produced in continental parts of the central Balkans, NW and S Greece and SW Turkey. These results are very encouraging (regarding the reliability of the E-OBS data, for analysis in future studies) as the TXHWD index is very im portant for economic impact studies on agriculture or tourism. Fig. 5 spatially illustrates the biases of the E-OBS in reproducing precipitation indices. It is found that annual (Fig. 5a ) and seasonal (not shown) PQ90 are basically underestimated, on average by 4 to 10 mm in most sites, while in some sites the bias exceeds 10 mm. This translates as an average bias in the order of 20% underestimation of PQ90. PX5D is also underestimated by 5 to 10 mm (approx. 17%) over a great part of the study domain. Summer CDD is slightly underestimated in most of the central Balkan region. Overestimations are evident in central and southern Greece and Turkey, while larger underestimations are seen in high altitude sites at the western part of the Balkan Peninsula. The PNL90 index is better reproduced both annually and seasonally, especially for winter (Fig. 5d) , as a slight overestimation is observed in the order of approximately 1 event. Regarding precipitation indices, high correlation coefficients (Fig. 6) were found in the central Balkan Peninsula, especially for annual and seasonal PQ90 and PX5D, indicating the quality of the E-OBS. A primary cell of coefficients as high as r ≥ 0.8 lies along the western Balkans, whereas a secondary cell (r ≈ 0.8) emerges in the north-eastern part of the study area. Regarding summer CDD the correlation coefficients range between 0.6 and 0.9. The highest values are detected along the western Balkan coast and in central and eastern Greece. PNL90 yielded a similar pattern with correlations between 0.7 and 0.9 mainly in the western Balkans and northern Greece and partially in the central Balkans.
Comparison of E-OBS and station trend patterns
To further investigate the ability of the E-OBS dataset to represent climate extremes, trends in the seasonal and annual extreme indices were estimated for the 1961−2000 period (Figs. 7 & 8) . The Kendalltau sig nificance test (p < 0.05) was used to assess the significance of trends in the time series. E-OBS revealed statistically significant trends in many sites, particularly for summer TXQ90 and TXHWD, in fewer sites for winter TNQ10, and far fewer for winter TNFD (Fig. 7 ). There were significant trends in fewer sites for observations than for the E-OBS dataset. Regarding precipitation in dices, E-OBS mainly showed significant trends in annual PQ90 (Fig. 8) and winter PNL90. Again the observational data revealed statistically significant trends in a smaller subset of stations. Representing the statistical significance of the trends made the figures very difficult to interpret, and therefore this information was not included in the following figures. We will instead emphasise the ability of the E-OBS to define the sign (positive, negative) and rate of the trend and will not discuss their statistical significance. Fig. 7 displays the maps with the trend patterns for the temperature indices that have been calculated with both E-OBS and station data.
The overall patterns of positive and negative trends are similar for both datasets. Generally, positive trends are defined for TXQ90 and TXHWD, as well as for TNQ10 in most sites, while negative trends are found for the majority of the study stations for TNFD, although they are better simulated at sites located at latitudes below 42°N. Trends are largely positive for summer TXQ90 and TXHWD over the study domain, with higher values evident in the western part of the Balkan Peninsula. The E-OBS dataset overestimates trends for TXQ90 in stations located above 42°N lat- itude. For instance, in some stations located in Bosnia-Herzegovina, the trends range between 0.5− 0.8°C and 0.8−1.2°C per decade for the station and E-OBS datasets, respectively. In the eastern part of the domain, especially over Romania, the station dataset reveals trends between 0.4 and 0.8°C while the E-OBS dataset overestimates trends with magnitudes > 0.8°C. Increasing trends of about 1 (2) additional days per decade in TXHWD are found in the southern (northern) stations. E-OBS seems to accurately estimate the trends in extreme TN indices, especially for TNQ10. Positive trends are found for the extreme low temperatures (TNQ10), mainly at northern latitudes (> 42°N), accompanied by negative trends in the TNFD. Differences between E-OBS and station TN indices trend patterns are observed along the western Balkan coast, for example TNQ10, for which the E-OBS slightly underestimate trends. In contrast, E-OBS overestimates trends in TNFD at a few stations in the central Balkans, especially in Romania. This is in agreement with findings from other studies (Moberg & Jones 2004; Kostopoulou et al. 2009 ), which also found that TN is not well reproduced in this area. Specifically, E-OBS succeeded in estimating the effective trend sign, but revealed more moderate trend amplitudes than the station data. The general patterns of precipitation index trends (Fig. 8) are well captured by E-OBS. In particular, the annual and seasonal (not shown) PQ90 trends seem slightly stronger in E-OBS than the station data pattern. Discrepancies are detected at higher latitudes (> 42°N). For instance, increasing trends occur in the western Balkans for E-OBS, but these are not evident in the station data. The E-OBS seasonal CDD trend patterns are in good agreement with those provided by the station data, except for the summer CDD trends which appear more positively pronounced in the western Balkans. Intense precipitation trends (PX5D and PNL90) also appear slightly overestimated (positive trends) in the western part of the study domain.
Quantile-quantile plots
The similarity of E-OBS and station distributions of temperature and precipitation indices is also assessed using quantile-quantile (QQ) plots. In QQ plots, the estimated quantiles of the sorted E-OBS and the observed station indices are compared. By a quantile, we identify the percent of index-scores below a given value. Use of a QQ plot to compare 2 datasets is a non-parametric and more powerful approach than other common techniques of comparing histograms of the 2 datasets. In a QQ plot, shifts in location, shifts in scale, changes in symmetry, and the presence of outliers can be detected. Fig. 9 , and 54: 249-270, 2012 Fig. S2 in the Supplement (available at www.int-res. com/articles/suppl/c054p249_supp.pdf) present QQ plots of TXQ90 and TNQ10 in 12 representative stations. These are scatter plots of quantiles computed from each sample, with a dashed line drawn between the first and third quartiles (25th and 75th percentiles), while the solid diagonal represents the curve expected from the standard normal distribution. The departure of the right (left) end of the curve below the diagonal line (e.g. in Murska Sobota) indicates negative (positive) skewness. In addition, the slight s-shaped plot in the case of Murska Sobota shows that E-OBS has more points at the extreme of its range than does the station dataset. The opposite can be seen at some other sites. In Izmir, Novo Mesto, Nis and Mugla the presence of a deviation of the curve below the diagonal line indicates that the E-OBS distribution consists of fewer extremes than the observations. In the remaining cases, the 2 sample distributions show a good agreement. For winter TNQ10, several QQ plots show the data accumulating near the dashed line, signifying that both sets have similar distributions in most cases. However, in some sites -mainly located close to the sea (e.g. Helliniko, Thessaloniki and Istanbul) -the departure from the diagonal line below the diagonal and toward the high range of the data signifies that E-OBS underestimates the index. Similarly, QQ plots were produced for precipitation indices, and it is evident that extreme precipitation indices are more difficult to reproduce, as the points on many QQ plots do not form linear patterns. Nevertheless, as far as PQ90 is concerned (Fig. S3 in the Supplement), in most stations the points are gathered along the dashed line, al though we can see relatively large random 'wiggles' for the smaller and larger values. In most cases the E-OBS scale is smaller compared to that for the station data, indicating an underestimation of extreme precipitation (e.g. Tirana, Ioannina, Thessaloniki, Nis, Istanbul, etc). In particular, for the station of Ioannina, the upper quantiles scores are above the dashed line (positive skewness) showing that E-OBS has relatively few high values regarding heavy precipitation. 
EVALUATION OF RCMs vs. E-OBS
A similar analysis was carried out to evaluate the ability of 6 ENSEMBLES RCM models to represent indices of climate extremes. In this case the E-OBS set served as a reference dataset. Correlations, biases and trends were estimated and spatially illustrated on maps. Fig. 10 presents the correlation results for TXQ90 and TNQ10 between all possible pairs of E-OBS and RCM. For both indices, E-OBS was previously found to correlate highly with the station data (Fig. 4) . Correlation coefficients largely vary among models and locations. For extreme high temperatures (TXQ90), the strongest positive correlations are found between E-OBS and the METO-HC model. This pattern demonstrates excellent agreement with the correlation pattern between E-OBS and stations (shown in Fig. 4 ) and thus strengthens confidence in the predictions of the model. CNRM and C4I also show positive correlations in most parts of the study domain, although negative correlations are present in western Greece. METNO and MPI are not sensitive enough to estimate TXQ90 in the mountainous west Balkans, while they seem to perform adequately in the eastern half of the study region. For the KNMI model, the coefficients at most sites range around or below zero, especially in the easternmost part of the domain. TNQ10 shows mostly negative correlations, which increase in northern latitudes (> 40°N). It is worth mentioning the agreement among the 6 spatial correlation patterns. An interesting feature in these plots is that high correlations are found at scattered sites around the domain of study; these are: Negotin, Nis, Novi Sad (Serbia) and Larissa (central Greece). In general, TNQ10 seems to be better correlated in southern and eastern parts of the study region, where TN does not reach critically low levels. Fig. 11 exhibits model biases in relation to the E-OBS data for TXQ90 and TNQ10. For TXQ90, negative differences dominate a large part of the study region in the C4I, METO-HC and MPI models. The largest biases (reaching −10°C) are detected in the northwestern part of the Balkan Peninsula for the C4I model. METNO mainly exhibits positive biases, while the index is better reproduced by KNMI and CNRM. The difference plots associated with TNQ10 mostly reveal positive biases in CNRM, METNO and METO-HC and negative biases in the remaining RCMs. More specifically, CNRM and MPI are the least accurate models as they present regional biases of up to ± 8°C. Overall, based on the bias patterns illustrated in Fig. 11 METNO and CNRM can be described as 'warm', while C4I and MPI as 'cold' models, as the former tend to overestimate and the latter to underestimate both extreme temperature indices. METO-HC shows diverse behaviour with underestimated TXQ90 and overestimated TNQ10. KNMI is found to adequately simulate both indices among all models.
Model temperature climate indices
Model precipitation climate indices
The correlation coefficients for precipitation indices vary across different models and locations. Statistically significant positive correlations are located at the north-western parts of the examined area for most models (Fig. S4 in the Supplement, available at www.int-res. com/articles/suppl/c054p249_supp.pdf), with KNMI generally correlating better with E-OBS than the other models. This pattern is similar to the correlation pattern between E-OBS and station data shown in Fig. 6 . In many cases negative correlations were found, which may be partially attributed to the occurrence of local convective precipitation episodes associated with chaotic and unpredictable behaviour (Lucas-Picher et al. 2008 ) and hence often lead to a time decorrelation in RCMs. For annual PQ90, positive correlations are found between E-OBS and C4I in the westernmost coast of the study region (Fig. S4) . It is important for the C4I model to effectively represent the PQ90 index of extreme precipitation at this location, since it forms the wettest area of the study domain. KNMI also presents positive correlations over a large part of the study region in the western and central Balkans, and CNRM presents a cell of positive correlations in the north-western part of the domain and in central Greece, but negative correlations in the remaining area. Small positive correlations occur for METNO in the central Bal kans, for METO-HC in Greece, Bulgaria and Turkey, and for MPI in Greece and the east-central Balkans.
The biases in the annual PQ90 index relative to the E-OBS were calculated (Fig. S5 in the Supplement). In this case C4I, CNRM and METNO mainly show positive biases, which reach 10 mm in some areas (e.g. in southern Greece). The remaining models (i.e. KNMI, METO-HC and MPI) appear to have more negative than positive biases. MPI substantially underestimates PQ90 along the wet western coast of the lower Balkan Peninsula. METO-HC and KNMI Fig. 10 . Correlation between E-OBS and models for extreme maximum/minimum temperatures (TXQ90 and TNQ10, respectively). See Table 1 and Fig. 3 for explanation of panel headings Table 1 and Fig. 3 for explanation of panel headings underestimate PQ90 in few western sites, but these 2 models result in small biases elsewhere, leading to a good index representation.
Comparison of E-OBS and RCM temperature and precipitation trend patterns
Least squares linear regression estimations applied to determine trends in models' climate extremes (TXQ90 and TNQ10) are presented in Fig. 12 . According to E-OBS, a general positive trend pattern in TXQ90 is defined over the domain of study. Larger trends are detected in sites located at latitudes further north than 42°N. The CNRM model has a similar pattern, with the sole exception of overestimating the rate of increase at some locations. METO-HC adequately reproduces the increasing trends, except for underestimations on the western coast of the Balkan region. C4I and METNO also show positive trends but appear rather modest and do not represent the actual increasing rates of TXQ90 as indicated by E-OBS. The remaining 2 models, MPI and KNMI reveal small increasing trends at many stations, as well as decreasing trends in a number of sites. MPI presents negative trends in TXQ90 at northern stations in the central Balkans, while KNMI presents negative trends at most stations in the western and southern parts of the study domain. These models seem to fail to reproduce the TXQ90 trends at these Trend for E-OBS and models for extreme maximum/minimum temperatures (TXQ90 and TNQ10, respectively). See Table 1 and Fig. 3 for explanation of panel headings locations, since according to meteorological observations, all sites have positive trends (see Fig. 7 ). Moreover, C4I, METO-HC and METNO give smaller TXQ90 values than E-OBS, particularly for sites in the eastern Balkans and western Turkey, and thus agree better with the station data trends in these locations (Fig. 7) . For TNQ10, E-OBS reveals positive trends of up to 1°C per decade. In this case, most models accurately represent these trends. The only exception is METNO, which presents decreasing trends in a large number of sites, most of them located between 18 and 24°E. E-OBS reveals negative trends in a few southern locations, which is in general agreement with station trends (Fig. 7) . Most of the models, however, show warming trends for these locations.
Finally, we examined the ability of models to reproduce trends in precipitation indices. The results obtained did not provide a very clear picture, and it is therefore difficult to draw a concrete conclusion. However, our analysis is intended to help identify those models which provide more reliable results for our domain. An example using the PQ90 index is presented in Fig. S6 in the Supplement (available at www.int-res. com/articles/suppl/c054p249_supp.pdf). The top left panel shows the trends as calculated by the E-OBS dataset and this provides a reference for comparison with the 6 models subsequently shown in the figure. The E-OBS data define positive trends in the northwestern part of the study region, and mostly negative trends in the remaining sites, with few scattered exceptions. The positive (negative) trends are of the order of up to 2 (−2) mm per decade. It is evident that the models are close enough to the magnitude of the PQ90 trends. Among models, KNMI and CNRM are those that overall reproduce well the PQ90 trends and the third best contestant is METO-HC followed by C4I. The latter model trend pattern seems to agree better with the station data (shown in Fig. 8) than with E-OBS for particular sites over Turkey and the central Balkans. The remaining 2 models provide the least reliable trend patterns. This is particularly true for METNO which shows positive PQ90 trends for the majority of the stations studied.
SUMMARY AND CONCLUSIONS
The purpose of the present study was first to evaluate the E-OBS dataset against meteorological station data at selected sites of the north-eastern Mediterranean region. This evaluation was based on comparisons of daily temperature (mean, minimum and maximum) and precipitation, as well as of climate indices associated with these variables. However, since individual stations which might have been used for E-OBS construction are utilized to assess the performance of the corresponding E-OBS grid, this study cannot be considered an independent validation of the E-OBS dataset. It does, however, show that the gridded E-OBS can be used for analysis of extremes, since they retain the characteristics of station time series. The ultimate goal of the study was to evaluate 6 ENSEMBLES models through single-grid scale comparisons to the E-OBS data and assess the ability of models to resolve extreme events.
On a daily basis, the E-OBS reproduced reasonably well the long time series of the examined variables. Additionally, the E-OBS satisfactorily reproduced temperature climate indices at most sites, with the exception of substantial deviations along the west coast of the Balkan Peninsula. These deviations were pronounced at stations located in Bosnia-Herzegovina, Slovenia and Serbia, implying potential interference of local topography features upon the gridding procedure. Climate extremes depend upon a number of factors, important among which is the altitude of the area. For instance, spatial maps of the E-OBS biases show underestimated TXQ90 and TNQ10 by up to 3°C in the north-western part of the region at stations along the Dinaric Alps. In general, this study found that E-OBS tend to underestimate summer TXQ90 at high altitudes and winter TNQ10 at stations close to sea level. Apart from topographic uncertainties, a possible cause for these deviations in the E-OBS might be the original network density, as low correlations were found in areas where the gridded data depend on low data density. With respect to precipitation, some discrepancies were evident for high precipitation amounts. At particular sites, E-OBS underestimated the PQ90 (annual and seasonal) by up to 20%. In contrast, the seasonal PX5D index was better simulated by the E-OBS than the annual ones, with the latter being underestimated by up to 17% in specific sites. Such underestimations were observed along the west coast of the study region, which first receive the moist air masses arriving from the west. Summer CDD was only slightly underestimated in the central Balkan region, while overestimations are evident in southern Greece. The PNL90 index was better reproduced both annually and seasonally, and particularly well for winter. An important finding is that the E-OBS accurately estimates the trends in extreme temperature and precipitation indices especially at sites located at latitudes below 42°N. In agreement with previous studies, E-OBS slightly overestimates (underestimates) trends for TXQ90 (TNQ10) at stations located above 42°N latitudes. Although, precipitation trends are less clear, we might conclude that E-OBS indicated positive trends in intense precipi tation indices (PQ90, PX5D and PNL90) at stations located along the west coast and above 42°N, which contrasts in some cases with the trends derived from station data. However, examination of the statistical significance of the trends revealed considerable differences.
Evaluation of the models revealed strengths and weaknesses depending on indices, sites and seasons. Overall positive correlations between E-OBS and each model were found for TXQ90. Among models METO-HC seemed to perform better, while inter-model correlations of TX90 were in the intermediate range of magnitudes from 0.50 to 0.80. Better inter-model agreement was found between KNMI and MPI, both driven by ECHAM5 boundaries. C4I and METO-HC (both driven by HadCM3), showed lower correlation coefficients (r approx. 0.6). Regardless of the different driving models, all RCMs revealed similar correlation patterns for TNQ10, while METO-HC was the model with positive correlation coefficients (reaching 0.7 or above) in large part of the study region. In general, TNQ10 was better correlated in the SE parts of the region, as well as in specific sub-regions located above 42°N. The bias analysis indicated that C4I represented cooler patterns and METNO warmer patterns for both extreme temperature indices in the north-eastern Mediterranean. We also found that the overall patterns for KNMI and CNRM were slightly cooler and warmer respectively. METO-HC generally performed adequately, al though it was detected to be cooler (slightly warmer) with respect to TXQ90 (TNQ10). The reproduction of observed spatial precipitation turned out to be a challenge for the RCMs, as de noted by low positive or even negative correlation coefficients. In agreement with previous studies (Lenderink 2010) , RCMs overestimated heavy precipitation except METO-HC and to a lesser degree MPI and KNMI at particular sites. It has been demonstrated that the simulation of precipitation deteriorates in regions of complex terrain, owing to rather poorly resolved topography (Gao et al. 2006 , Lopez-Moreno et al. 2008 . Moreover, if the RCM domain is too large, the main flow and the day-to-day variability in the RCM sometimes diverge from those of the GCM on the synoptic scale (Jones et al. 1995) . As a consequence, the rugged topo graphy of the Balkan Peninsula, in combination with its location far from the model's western boundary, mean that it is a particularly dif ficult region for RCMs to simulate, with lateral boundary conditions placed over the Atlantic Ocean , Kostopoulou et al. 2009 , Lorenz & Jacob 2010 . The RCMs managed to reproduce the E-OBS warming/ cooling patterns in temperature ex tremes, except for some deviations in TXQ90 for KNMI and MPI and in TNQ10 for METNO. The diversity in results prevented clear conclusions being drawn regarding the models' performance in estimating PQ90 trends.
To summarise, it was found that E-OBS sufficiently represented daily climate variability and showed a good level of skill in reproducing climate extremes and their trends at stations in the north-eastern Mediterranean region. The deficiencies in E-OBS may be attributable to the variable topography features of the study region and the original station density, the latter of which affects grid box area-average estimates. The diverse behaviour and skill among RCMs showed that the accuracy of each model depends on the index and the location studied. Hence, uncertainties could be reduced by taking into account the results of the present study to make careful decisions on which RCMs to use for the investigation of potential climate change in the north-eastern Mediterranean region. 
